This paper describes the development of miniature, multi-lead ribbon cables for connecting implantable sensors to host electronics, either implanted or in the external world. The cables are flexible, electrically stable and biocompatible. Two technologies have been developed: one using polyimide (DuPont PI-2555) and the other using siftcon as the support material. The present cables are less than 200/~m wide, are 10 to 20 pm thick and can be of arbitrary length (typically 1-2 cm). They can support as many leads as desired and can be bonded to the sensor substrate using flipchip bonding techniques.
Introduction
The use of solid-state biomedical transducers for invasive and non-invasive patient monitoring has become increasingly feasible as such devices have been reduced in size, have become more reliable and have come to incorporate at least limited on-chip signal processing [1] . Invasive monitoring of patients has become an important focus for many biological and physiological research programs and for some clinical applications as well; however, sensor reliability remains the weakest link in the realization of such systems. The leads that connect the sensor to the outside world for the transmission of data and power are a major source of these reliability problems. Even when implantable telemetry systems are used, leads are usually required between the sensor and the electronics package. A common approach to solving these interconnect problems in the past has been to use fine wires, coated (after bonding) with either parylene or polyimide; however, parylene is difficult to deposit or etch selectively and polyimide is difficult to coat on fine wires. Neither approach has been adequate for use with 'floating' sensors such as microelectrode arrays in the brain [2] . This paper presents two technologies that have been developed for the fabrication of miniature, flexible, multi-lead ribbon cables, utiliz-0924-4247/90/$3.50 ing either polyimide or silicon as the support material. These cables have been designed for use with multichannel silicon substrate microprobes used for recording and stimulation of the central nervous system [2] .
Requirements for a Chronic Interconnect Structure
There are several requirements that must be considered when designing an interconnect for long-term use/n vivo. The materials used must be biocompatible and flexible, since many implanted sensors experience relatively large movements in the body, subjecting the connection to repeated flexing. Tethering forces must be minimized to prevent migration of the sensor. The interconnect must also be electrically stable, minimizing leakage between the tissue and the conducting leads as well as between leads. Table 1 describes some of the electrical interconnect requirements for a multichannel neural microprobe. Parameters are given for both passive (no on-chip circuitry) and active (with on-chip circuitry) arrays [3] . The polyimide-hased ribbon cables utilize DuPont's polyimide PI-2555 as a dielectric material to insulate metallic conductor lines as shown in Fig. 1 . Polyimide has been shown to be a very good insulator against ionic conduction [4] and is very flexible. The bottom polyimide layer is first deposited by spin coating it onto a 4#m thick sacrificial aluminum film, which has been evaporated on a silicon wafer, and is then fully cured ( Fig. 2(a) ). The conductor metal (Cr-Au-Cr or Ti-Ta-Ti) is then deposited and patterned using reactive ion beaming etching. If additional protection is needed, the conductor material can be sandwiched between two layers of sputtered silicon nitride, which is an excellent barrier against both moisture and ionic contaminants. The top polyimide layer is now deposited and fully cured. The two polyimide layers are then patterned using oxygen plasma with an aluminum mask until the sacrificial aluminum in the field areas is exposed ( Fig. 2(b) ). If desired, solder or gold bumps can be formed in the bonding pad areas for later connection to the sensor substrate ( Fig. 2(c) ). The finished cables are then released by undercutting the aluminum film in an acid etch. The process uses only three masks and all dry chemistry except for the final release of the cables.
The silicon-based cables use a boron-diffused silicon substrate to support the conductors as shown in Fig. 3 . The conductors are insulated between multiple layers of silicon dioxide and silicon nitride, deposited using PECVD and LPCVD techniques (Fig. 3(a) ). After patterning the top dielectric, the cables are covered with a metallic shield, such as tantalum, fully shielding the conductor lines (Fig. 3(b) ). Finally, openings to the conductors are made and gold or solder humps are formed. The cables are then released in EDP, which etches the undoped substrate but Figure 4 shows a photograph of some polyimide cables. The leads are 20 #m wide and are composed of 400 nm of tantalum sandwiched between top and bottom titanium films for improved adhesion. The polyimide cables are quite flexible, and when laid out in a serpentine shape to conserve mask area they can be expanded to lengths of several centimeters. The measured lead resistance is about 4 l~/cm for Ta leads and 100 f~/cm for gold, with a shunt capacitance of 1.6 pF/cm and a crosstalk capacitance of < 10 fF/cm. These values are within the accepted limits for both passive and active probes as described by Table 1 . These polyimide ribbon cables have been soaked passively, i.e., no electrical stress, for over two months in buffered saline and have shown no sign of degradation or delamination of the polyimide. A soak structure has been developed for soaking the cables in saline while under 5 V electrical stess. Long-term soaking of polyimide using interdigitared comb structures has produced cross-comb leakage levels that remain stable around 25 pA and through-insulation leakage levels of less than I pA (<1 fF/ltm 2) after over three months of soaking under 5 V electrical stress [5] . It is therefore believed that polyimide cables should provide an adequate interconnect for both active and passive sensors for periods of months or more. Longterm electrical and mechanical testing of the cables is presently under way.
Process Results and Discussion
The silicon cables are also very flexible, especially when the silicon thickness is less than 10 #m, as demonstrated in Fig. 5 . These cables can be easily bent into a full circle. The measured lead resistance is about 4 l~/cm for Ta leads and 5-10 k~/cm for polysilicon, with a shunt capacitance of 5-10 pF/cm and an interlead capacitance of < 10 fF/cm. Referring to Table 1, polysilicon would probably not be a good lead material, at least for the power and ground leads of the active probe, due to its relatively high end-to-end resistance. It should also be noted that the shunt capacitance of the silicon cables is on the high end of that required for passive probes; however, they should be very useful with active probes. Polysificon combs coated with the same dielectrics as the silicon cables have maintained sub-picoamp crossand through-dielectric leakage currents after more than one month of exposure to buffered saline under 5 V bias. Soak tests are currently being performed on silicon cables under 5 V bias. Results so far are similar to those obtained with the dielectric-coated combs.
The biocompatibility of polyimide has been studied in several neural structures [6] , with the results suggesting that polyimide, once fully cured, is biocompatible. The biocompatibflity of multichannel silicon microprobes has been studied in the cochlear nucleus of guinea pigs. The probes were well tolerated by the surrounding tissue.
